Protein-protein and protein-substrate interactions are critical to function and often depend on factors that are difficult to disentangle. Herein, a combined biochemical and biophysical approach, based on electrically switchable DNA biochips and singlemolecule mass analysis, was used to characterize the DNA binding and protein oligomerization of the transcription factor, forkhead box protein P2 (FOXP2). FOXP2 contains domains commonly involved in nucleic-acid binding and protein oligomerization, such as a C2H2-zinc finger (ZF), and a leucine zipper (LZ), whose roles in FOXP2 remain largely unknown. We found that the LZ mediates FOXP2 dimerization via coiled-coil formation but also contributes to DNA binding. The ZF contributes to protein dimerization when the LZ coiled-coil is intact, but it is not involved in DNA binding. The forkhead domain (FHD) is the key driver of DNA binding. Our data contributes to understanding the mechanisms behind the transcriptional activity of FOXP2.
DNA protein interaction analysis using EMSA For the EMSA analysis a 5% agarose gel (UltraPure agarose, Invitrogen) was prepared using 1x TA (40 mM Tris pH 8.0, 20 mM acetic acid) buffer. Before the actual electrophoresis experiment gel was pre-equilibrated (30min at 100 V) with 1x TA running buffer. Samples of protein-DNA mixtures have been incubated for 30 min, prior to loading onto the gel. Electrophoresis was performed for 45 min at 150 V, constantly cooled by an ice bath. Gels were scanned with a Typhoon laser scanner (Typhoon FLA 9500, GE Healthcare) in the Cy5 or Cy3 channel at a resolution of 25 µm. Gel images scanned in different channels were superimposed using ImageJ [3] .
switchSENSE interaction -experimental procedure DNA biochip-based interaction analysis was performed at Dynamic Biosensors GmbH (Martinsried) with a DRX analyzer using a standard multi-purpose-biochip (MPC-48-1-Y1). Single-stranded anchor DNA (NL-B48) carrying a fluorescent dye (Y1) was optimized by DBS for thermal stability, absence of secondary structures, hybridization efficiency and minimal interference with FOXP2 binding experiments. Anchor DNA was hybridized with complementary DNA (cNL-B48) and an additional DNA extension with FOXP2 target or control sequence (Tab. S9). During measurements the auto sampler containing the protein samples was set to 20°C. The experiment temperature on the biochip was set to 25°C. Protein samples were diluted and measured in FOXP2 reaction buffer (10 mM HEPES pH7.4, 140 mM NaCl, 1 mM MgCl2, 0.5 µM ZnSO4, 10% Glycerol, 0.5 mM TCEP). Flow rates for association and dissociation reactions were at 50 µl/min and 200 µl/min, respectively. The biochip was regenerated after each completed association/dissociation run. Washing with regeneration solution containing 100 mM NaOH (pH13) removed dsDNA complementary DNA (with extension) and residual proteins, leaving the anchor DNA intact for a new hybridization and measurement ( Figure S2 ). Data analysis was performed with the switchANALYSIS software from Dynamic Biosensors. The association and dissociation rate constants (kon and koff) and the respective error values were derived from a global single exponential fit model. The shown error reflects the overall error of the global fit for three concentration measurements. control DNA) following regenerations on the chip surface (raw data). Fluorescence increase during hybridization is given in kilo counts per second (kcps).
FPS mode -switchSENSE interaction analysis
Interaction analysis was performed in fluorescence proximity sensing (FPS) mode with a constant voltage of -0.1 V-0.4 V applied, which forces the surface-tethered DNA into a fixed angle. When the protein analyte binds to the DNA target, it affects the average distance of the fluorescent label from the fluorescence-quenching gold surface [4] . Besides the change in DNA orientation, a change in close proximity to the fluorescent dye or direct interaction of the protein with the fluorescent dye lead to measurable changes in the fluorescence intensity [5] . In the FPS measurements, FOXP2 protein variants were being flushed at specified concentrations over the gold electrode using microfluidic channels (experimental setup see Figure S2 ). In the FPS setup going from pure buffer to a specified protein concentration had a deadtime on the order of miliseconds. When the protein was flushed in, we observed fluorescence signal increases on the timescale of seconds. Hence, the concentration jump itself may be considered instantaneous, and the time dependence of the fluorescence signal directly reflects the kinetics of protein binding to the surface DNA. After the sudden increase of the protein concentration, both association and dissociation processes can take place. After flushing out the protein and replacing the bulk solution with pure buffer, only dissociation can take place. Furthermore, the microfluidic mass transport was such that the protein concentration in the bulk was not affected by the binding of protein to the surface. Hence, the bulk concentration may be considered constant and used as an input parameter to extract the rate constants for protein-DNA association and dissociation from the time dependence of the fluorescence signals by fitting a bimolecular reaction model to the data. 
Interferometric scattering mass photometry
Microscope coverslips (#1.5, 24x50 mm and (#1.5, 24x24 mm, Thermo Scientific Menzel) were cleaned and assembled into flow chambers as previously described [6] . Landing assays, data acquisition and image processing were performed as previously described [6] . Buffers were filtered through a 0.2 µm pore size syringe filter. For calibration standard proteins bovine serum albumin (BSA), alcohol dehydrogenase (ADH) and ß-amylase (all purchased from Sigma-Aldrich) were diluted to 10 nM in FOXP2 reaction buffer (10 mM HEPES pH7.4, 140 mM NaCl, 1 mM MgCl2, 0.5 µM ZnSO4, 10% Glycerol, 0.5 mM TCEP). For each movie of a standard protein measured, a histogram was made and fitted with Gaussians according to how many peaks are resolved ( Fig. S4a ). Fitted centers of these Gaussians and the corresponding masses that they are assigned to were plotted and fitted to a straight line.
Resulting parameters were used as conversion between mass and measured contrast of FOXP2 constructs ( Fig. S4b ). FOXP2 constructs P1-P3 (green laser setup) and P4-P5 (blue laser setup) were measured at a concentration of 100 nM in FOXP2 reaction buffer. Table S8 . DNA sequences used as substrates in EMSA experiments depicted in Figure 1 and Figure 1S . Bold letters give consensus DNA binding motifs for the FHD.
Name
Sequence Source 1_70 CGCCTGTTACGGCATCAGGGCTTTGGTTTGGGCGGGCTGCTTGTTTACCAATTGTCTCCGGCGGTAT Sequence from [7] 2_32 GGCGGGCTGCTTGTTTACCAATTGTCTCCGGC shortened 1_70 3_32 AGTCTCGTGAACCGACAACTCTTGACTCACTG lab 4_29 TTGCCCCCTTAAATATTTGCCTAAGCCTC Sequence from [8] Table S9 . DNA sequences used in switchSENSE experiments. Bold letters give consensus DNA binding motif for the FOXP2-FHD. Target and control sequence are taken from [7] . There referred to as binder (seq_172) and no binder (seq_53) sequence. 

